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ABSTRACT 

Q u i t e  r ecen t ly  the re  have been commercially developed a 

series of high-alloy steels, on new compositional bases, which 

possess a very des i r ab le  combination of unusually high s t rengt i i ,  

good d u c t i l i t y ,  and toughness even a t  comparatively l o w  tempera- 

t u r e s ,  F t  the same t i m e  research with mechanical working pro- 

cedures,  cumbined with o p t i m u m  h e a t - t r e a t  considerat ions,  have 

produced w i t h  s eve ra l  older, more conventional steels, s t r eng th  

l e v e l s  of high orders  of magnitude, 

m a t e r i a l s  is capable of y i e l d  s t r e n g t h s  approaching or exceed- 

i n g  300,000 p s i ,  corresponding t o  e l a s t k  strains of about one 

per c e n t  , 

Each of the considered 

This paper  i s  concerned w i t h  , the  -- development and evalua- 

t i o n  of workable X- ray  stress a n a l y s i s  procedures t o  be employed 

t o  measure, with a good degree of accuracy, high e las t ic  s t r a i n s .  

The m a t e r i a l s  selected include Maraging steels, ausfomed steels, 

and c o l d  drawn A . I . S . I .  4340 steels. 

Of t h e  var ious  possible X-ray techniques which were con- 

s idered ,  very s a t i s f a c t o r y  r e s u l t s  w e r e  obtained by t h e  use of 

t he  two-exposure method, 

constructed t o  allow uniaxia l  s t r a i n i n g  of test  specimens w h i l e  

i n  t i e  X-ray u n i t .  

A spec ia l  f i x t u r e  was designed and 

Imposed s t r a i n s  w e r e  measured d i r e c t l y  by 

s t r a i n  gages mounted on t h e  specimen. Simultaneously, s t r a i n s  
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w e r e  measured by the  use of chromium radia t ion  f i l tered with 

vanadium f o i l .  The peak reso lu t ion  obtained was very s a t i s -  I 

f ac tory  with a peak t o  background r a t i o  of approximately 4: l  I 

for  t h e  [211-12l] martensite doublet  used t o  measure the  s h i f t  

I i n  peak loca t ion  between the  noma1 and oblique exposures. 

Because of the  widths of the peaks involved, it is impessible 

t o  p rec i se ly  specify the angular pos i t i on  of a given peak by 

inspect ion of the usual recorded t r a c e ,  A counting technique, I 
combined w i t h  a l e a s t  squares curve f i t t i n g  procedure involving 

f i v e  poin ts ,  was very s a t i s f a c t o r y  f o r  prec ise ly  loca t ing  posi-  

t i o n s  of max imum in t ens i ty .  Superior r e s u l t s  w e r e  obtained when 
I 

a mul t ip l i ca t ive  correct ion f a c t o r  proposed by Koistinen and 1 

Marburger was applied.  

INTRODUCTT ON 

With the  advent of t h e  space age, supplemented by out- 

standing engineering developments with reac tors ,  nuclear sub- 

marines, rocket  cases ,  e tc . ,  an unusual demand has  been placed 

on t h e  design and f ab r i ca t ion  of s t r u c t u r a l  mater ia l s  with excep- 

t i o n a l  s t r eng th  t o  weight r a t i o s .  Although a number of very 

promising a l loys  have b e e n  developed on severa l  elemental  bases ,  

some of t h e  m o s t  outstanding accmplishments have been those 

wi th in  t h e  steel industry.  A t  t h i s  t i m e  t he re  a r e  ava i lab le  
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s e v e r a l  steels charac te r ized  by y i e l d  stresses of the order  of 

3008000 psi,  corresponding to  e l a s t i c  s t r a i n s  of about one p e r  

cent ,  and with high s t r e n g t b  these a l l o y s  combine a considerable  

degree of d e s i r a b l e  d u c t i l i t y  and toughness even a t  cryogenic, 

temperatures. More conventional a l l o y  and tool- and d i e - s t e e l s  

have had t h e i r  room temperature s t r e n g t h  p r o p e r t i e s  f u r t h e r  en- 

hanced by the development of new mechanical working procedures 

and h e a t - t r e a t  considerat ions.  The purpose of the  experimental 

w o r k  descr ibed i n  this paper was the development and eva lua t ion  

of workable X-ray stress analysis procedures to be employed t o  

measure, w i t h  a high degree of accuracy, t h e  considerable  elastic 

s t r a i n s  which w i l l  be encountered with high-strength steels. 

The l a r g e  amount of a c t i v i t y  t h a t  has  been devoted towards 

X-ray techniques i n  t h e  measuring of stresses can be a t t r i b u t e d  

t o  s e v e r a l  unique f ea tu res .  

methods whereby i n t e r n a l  stresses may be measured nondestruc- 

t i v e l y .  

of t h e  specimen, thus  enabl ing l o c a l i z e d  stress and s t eep  stress 

g r a d i e n t s  t o  be inves t iga ted .  A l s o ,  the stress condi t ion  of the 

su r face ,  which is  of major importance t o  fatigue,  s t ress-corro-  

s ion ,  and other mechanical and me ta l lu rg ica l  phenomena, can be 

determined. 

X-rays represent  one of the f e w  

The X-ray beam can be made t o  s t r i k e  only a s m a l l  area 

Of t h e  seve ra l  X-ray techniques which have been used i n  

research and i n d u s t r i a l  appl ica t ions ,  t h e  two-exposure method 
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u t i l i z i n g  a d i f f r a c t m e t e r  has received the widest  application. 

The r e l a t i v e  stress determined by t h i s  technique has been found 

t o  have a prec is ion  of 4000 t o  5000 psi  I11 a t  t h e  lower and m o r e  

conventional stress l eve l s  encountered w i t h  m o s t  cons t ruc t iona l  

steels and al loys.  However, it i s  desirable t o  know i f  the two- 

exposure technique is val id  a t  the l a rge  e l a s t i c  s t r a i n  l e v e l s  

t o  be encountered w i t h  t h e  previously mentioned super s t rength 

steels. 

I n  t h e  two-exposure technique the  desired component of 

stress i n  and p a r a l l e l  t o  the specimen sur face  i s  determined 

f r o m  two exposures, one w i t h  the  d i f f r a c t m e t e r  aligned i n  i ts  

normal pos i t i on  and t h e  other  w i t h  the specimen inc l ined  a t  an 

angle fram its normal posi t ion.  The p e r t i n e n t  geometry of 

the second exposure i s  indicated schematically by Figure 1. 

The two exposures allow t h e  respect ive determination of the  

d i f f r a c t i o n  angles 2QA and 2eV , w h i c h  represent  the  dis tances  

between those atomic planes i n  t h e  sur face  whose normals a re  

perpendicular t o  the specimen surface and a t  an angle t o  

the  specimen surface,  respectively.  The desired component of 

stress c+ is  related t o  those two parameters by the following 

expression: 

@+ =cot 
w h e r e  E is  the e las t ic  (Young's) modulus and /f i s  Poisson 's  

r a t i o .  
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If it is  assumed t h a t  c o t  €3 i s  a constant ,  then Equation 1 

may be s implif ied t o  give: 

1 -  

0 The propor t iona l i ty  constant "K" is  r e fe r r ed  t o  a s  the  stress 

f a c t o r  and should be constant f o r  a given c r y s t a l l i n e  mater ia l .  

When measuring stresses t h e  s h i f t  i n  28 = (28& - 20* ) i s  

mul t ip l ied  by the stress fac to r  t o  obtain the  applied o r  re- 

s i d u a l  s t r e s s ,  o r  combination of both,  a s  indicated by Equa- 

t i o n  2. 

The form of Equation 2 shows t h a t  a p l o t  of stress a- 

g a i n s t  t he  s h i f t  of 28  = (2er 

l i n e ,  and t h e  slope of t h i s  s t r a i g h t  l i n e  is the  stress f a c t o r  

- 289 ) should y i e l d  a s t r a i g h t  

"K". Consequently such a p l o t  serves  a s  a c r i t e r i o n  t o  deter-  

mine the  v a l i d i t y  and accuracy of the  two exposure method. I f  

t h e  experimental technique i s  not  va l id  and accurate a t  t he  

very high stress levels  involved i n  t h i s  inves t iga t ion  w i t h  

u l t r a  high s t rength  mater ia l s ,  then a deviat ion from l i n e a r i t y  

w i l l  be observed. 

MATERIALS 

A t o t a l  of twelve d i f f e r e n t  samples were invest igated.  

The steels from which t h e  samples w e r e  prepared f a l l  i n t o  

th ree  general  categories .  The analyses of these s t e e l s ,  a s  

given by the  supplying concerns, a r e  shown i n  Table 1. 



. 
Severa l  grades of Maraging steels a re  designed on iron- 

nickel-  cobal t -  aluminum- t i tanium bases; t h e  development and 

evalua t ion  of the a l l o y s  has received a g r e a t  dea l  of a t t e n t i o n  

i n  the very r ecen t  engineering and me ta l lu rg ica l  l i t e r a t u r e  , 

On a i r  cool ing from appropriate  temperatures the s t r u c t u r e  of 

the alloys is e s s e n t i a l l y  a carbon-free body-centered-cubic 

i ron-nickel  mar tens i te  . Unlike the  comparatively hard,  b r i t t l e ,  

mar tens i te  of the more conventional low-alloy steels, the  

Maraging steel mar tens i te  is  s o f t  and r e a d i l y  machined and 

formed, Strength  p r o p e r t i e s  a r e  f u r t h e r  improved by a second 

"Maraging" h e a t  t reatment  during which t h e  a l l o y  i s  strengthened 

by p r e c i p i t a t i o n  and probably also by t he  occurrence of an 

order ing  reac t ion ,  

s i t i o n s ,  produced and supplied by the  Vanadium Alloys Steel 

Company and known a s  Vascomax 250, Vascmax 280, and Vascomax 

300, have been included i n  t h e  descr ibed cxpcrimcntal program, 

Untempered, f u l l y  hardened, mar t ens i t i c  4340 alloy steels 

(2) 

Three Maraging steels of d i f f e r i n g  compo- 

have been successfu l ly  co ld  reduced up t o  t e n  per c e n t  by 

research procedures developed by D r .  N, N. Breyer, Manager of 

Technical Projects, LaSal le  Steel Company. As a r e s u l t  of con- 

s i d e r a b l e  research, experimental drawing procedures have been 

pe r fec t ed  which r e s u l t  i n  cold-worked m a t e r i a l s  With y i e l d  

s t r e n g t h s  as high as 400,000 p s i  coupled With about a 30 per 

c e n t  reduct ion i n  a rea  as determined by t e n s i l e  tests. Four 

(3 1 
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samples supplied by D r .  Breyer, involving 0, 3.96, 5 -98, and 

10.57 p e r  c e n t  co ld  work, have been included i n  the X-ray program. 

By t h e  use of techniques which have come t o  be lcnown as 

"ausforming", very high s t r e n g t h  mar t ens i t i c  s teel  may be ob- 

ta ined .  The procedures c o n s i s t  of s t r a i n  hardening a u s t e n i t e  

p r i o r  t o  the mar t ens i t i c  transformation. The s t r eng th  of the 

mar t ens i t e  formed from t!ie deformed a u s t e n i t e  w i l l  be governe.4 

by the degree of deformation and by t h c  temperature a t  which the  

deformation i s  accomplished. A t o t a l  of give d i f f e r e n t  samples 

(4) 
prepared under t h e  d i r e c t i o n  of D r ,  W. M. Justusson of tlic 

S c i e n t i f i c  Laborator ies ,  Ford Motor Company, have been subjected 

t o  X-ray stress a n a l y s i s  procedures. Involved are t h r e e  commer- 

c i a l  steels known as Ladish D-GAC, Vascojet lOOO, and Heppenstall  

5M21, and a u s t e n i t e  deformations of 50, 78, 83yOand 92 per cen t  

a r e  represented by the  f i v e  d i f f e r e n t  sanples .  

Mater ia l s  were received i n  t h e  fom of rod i n  excess of one- 

half inch  diameter. With the  4340 and ausformed steels no 

me ta l lu rg ica l  opera t ions  were  accomplished i n  t h e  w r i t e r s  ' labo- 

r a t o r i e s ;  however, h e a t  treatment of the Maraging steels was done 

i n  R.P.1, f a c i l i t i e s .  From the hardened rods, b a r s  about 1/10 

inch th i ck ,  1/2 inch wide, and 8 inches long w e r e  prepared by 

su r face  gr inding,  Care was taken t o  i n s u r e  t h a t  hea t ing  of the 

specimens d id  not  occur so t h a t  no f u r t h e r  me ta l lu rg ica l  re- 

a c t i o n s  would take place.  A f t e r  su r f ace  gr inding  a l l  test 
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specimens were hand pol ished through three grades of emery paper, 

and as a l a s t  operat ion an acid pickle and d i p  was u t i l i z e d  t o  

remove d is turbed  metal surfaces.  

EQUIPMENT 

I n  the p r e s e n t  i nves t iga t ion  a special f i x t u r e  w a s  designed 

and constructed t o  allow uniaxia l  s t r a i n i n g  of t es t  specimens 

*ile i n  the X-ray uni t .  The f i x t u r e  places the  s teel  beams i n  a 

s t a t e  of pure bending, and the X-ray measurcmcnts a r e  then taken 

on the t e n s i l e  s i d e  of t he  beams. The a c t u a l  stress a t  the sur- 

face of the t e s t  specimens w a s  obtained from s t r a i n  readings 

taken from a t tached  wire r e s i s t ance  SR-4 type s t r a i n  gages. The 

f i x t u r e  i s  r a t h e r  s i m i l a r  t o  t h a t  used i n  the X-ray l a b o r a t o r i e s  

of Professor  J. T, Norton a t  the Massachusetts I n s t i t u t e  of Tech- 

nology and u t i l i z e d  by Professor R. E .  Ogilvie;  a desc r ip t ion  of (5 )  

a somewhat s i m i l a r  f i x t u r e  has been given by Maloof and Era r  A? 
I n  t h e  p r e s e n t  i nves t iga t ion  the f i x t u r e  had t o  be of consider- 

ably greater s t r eng th  and f l e x i b i l i t y  so as t o  accommodate the 

high e las t ic  s t r a i n s  w h i c h  were encountered w i t h  t h e  super 

s t r eng th  a l loys .  X-ray measurements w e r e  performed with a 

P h i l i p s  Norelco d i f f rac tomcter  equipped with a Ph i l ip s  ge ige r  

counter  and assoc ia ted  e l e c t r o n i c  c o n t r o l s ,  

EXPERIMENTAL PROCEDURES 

The basis of the e x p e r i m e n t a l  procedures c o n s i s t s  of applying 
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a known stress and then measuring tile corresponding s h i f t  i n  28 

i n  o rde r  t h a t  t h e  behavior of t h e  stress f a c t o r  may be observed. 

Chromium r a d i a t i o n  f i l tered by vanadium f o i l  w a s  used s ince  it 

r e s u l t s  i n  a super ior  peak t o  background i n t e n s i t y  r a t i o  r e l a t i v e  

t o  other poss ib l e  t a r g e t  ma te r i a l s  such a s  c o b a l t  or i ron .  A peak 

t o  background ra t io  of about 4: l  w a s  a t t a i n e d  f o r  t h e  

mar t ens i t e  doublet  used t o  measure the s h i f t  i n  peak loca t ion  be- 

211-121 f l  
tween the normal and oblique exposures. 

because of i ts  high angle loca t ion  (about 155O f o r  28) when 

This peak was selected 

chromium r a d i a t i o n  is used: the high angle con t r ibu te s  t o  t h e  

accuracy of the measurements. Also, a high d i f f r a c t e d  i n t e n s i t y  

l e v e l  i s  assoc ia ted  with the peak. 

Tile angle of i n c l i n a t i o n  for the oblique exposure was 6 0 ° ,  

which was found t o  give a m a x i m u m  s e n s i t i v i t y  c o a s i s t e n t  w i t h  the 

p r a c t i c a l  l i m i t a t i o n s  involved w i t h  r o t a t i n g  the specimen for  

t h e  oblique exposure. 

As i s  always t h e  case,  i n c l i n a t i o n  of t h e  specimen f o r  the 

obl ique exposure des t roys  t h e  focusing condi t ions  inhe ren t  i n  the 

use of a d i f f rac tometer  goniometer. The p o i n t  of focus is 

s h i f t e d  toward the specimen from t h e  rece iv ing  s l i t  along a 

diameter of the  goniometer c i r c l e ,  r e s u l t i n g  i n  a s u b s t a n t i a l  

reduct ion i n  the measured i n t e n s i t i e s  due t o  the  divergence of 

t h e  beam a t  t h e  p o i n t  where it e n t e r s  t h e  rece iv ing  s l i t .  The 

supe r io r  so lu t ion  t o  t h i s  problem i s  t o  move the e n t i r e  counting 
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and rece iv ing  s l i t  assembly forward t o  t h e  new focus poin t .  

such an operat ion i s  not  poss ib le  with the  a v a i l a b l e  equipment, 

an a l t e r n a t e  method found t o  be s a t i s f a c t o r y  by O c ~ i l v i ~ ~ )  was 

employed. 

the new focus po in t ,  removing the usual  rece iv ing  slit, and leav- 

i n g  the counter  i n  i t s  o r ig ina l  pos i t i on .  A 0.060 inch wide re- 

ce iv ing  s l i t  was used i n  all cases,  s ince  by admitt ing a l a r g e r  

p o r t i o n  of the  d i f f r a c t e d  beam, a higher i n t e n s i t y  was obtained. 

The r e l a t i v e l y  large width of the receiving s l i t  i s  n o t  excessive 

i n  view of the  extreme l i n e  broadening encountered. The X-ray 

tube was operated at 38 kv  and 8 m a  throughout t he  course of 

the experiments. 

Since 

This method c o n s i s t s  of mounting a rece iv ing  s l i t  a t  

As is  t y p i c a l  of f i n e  grained, hardened, mar t ens i t i c  steels, 

t h e  d i f f r a c t i o n  peaks were t o o  severe ly  broadened t o  permit pre- 

c i s e l y  specifying the  angular pos i t i on  of a given peak by inspec- 

t i o n  of the usual  recorded t race.  This d i f f i c u l t y  can be over- 

come by not ing  t h a t  a t  d i f f r a c t e d  i n t e n s i t i e s  greater than ap- 

proximately 85 per c e n t  of the peak i n t e n s i t y  the shape of t h e  

peak is very near ly  parabolic. Consequently, the d i f f r a c t e d  in-  

t e n s i t y  can be measured a t  severa l  angles  i n  t h i s  range by de- 

termining t h e  time f o r  a given amount of photons t o  be d i f f r a c t e d  

and by then mathematically f i t t i n g  a parabola  t o  these po in t s .  

The ca l cu la t ed  ve r t ex  p o s i t i o n  is then taken as the t r u e  p2ak 

loca t ion .  Ogilvie  developed such a parabola  f i t t i n g  method (3) 
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whereby f i v e  da ta  p o i n t s  are obtained a t  equal 20 i n t e r v a l s  about 

t h e  i n t e n s e  region of the d i f f r a c t i o n  peak and t h e  parabolic 

curve f i t t e d  by t h e  method o f  l e a s t  squares.  A method which in- 

volves  simpler computations and less measuring t i m e  by f i t t i n g  

a p a r a o l a  t o  only t h r e e  data p o i n t s  has  been developed by 

Koist inen and Marburger. I n  the p re sen t  i nves t iga t ion  the 

Ogi lv ie  method was used s ince  it was found t o  y i e l d  more accurate  

and reprodacible  r e s u l t s ,  A l l  p o i n t s  w e r e  determined using a 

f i x e d  count procedure With 102,400 counts,  

17,8) 

A f u r t h e r  d i f f i c u l t y  associated w i t h  the  severely broadened 

d i f f r a c t i o n  peaks i s  assymetry due t o  c e r t a i n  i n t e n s i t y  factors 

which vary with 8 ,  s ince  the w i d t h  ranges from eight  t o  t e n  

degrees  ( 2 8 )  a t  one-half t he  m a x i m u m  peak i n t e n s i t y .  Koistincn 

and Marburger have proposed mul t ip l i ca t ive  co r rec t ion  f actors 

which are appl ied t o  each ind iv idua l  i n t c n s i  t y  measurement. The 

co r rec t ion  f a c t o r  for the normal exposure c o n s i s t s  of t h e  Lorentz- 

P o l a r i z a t i o n  f a c t o r  which takes  i n t o  account the p e r t i n e n t  geo- 

metrical factors and the f a c t  t h a t  the inc iden t  X-ray beam is  

n o t  polar ized.  

inc ludes  an absorpt ion factor i n  add i t ion  t o  the Lorentz-Polari-  

za t ion  f a c t o r ,  

co r rec t ion  f a c t o r s  was found to  considerably improve the r a w  data .  

Stress w a s  appl ied t o  the specimen, mounted i n  t h e  X-ray 

( 7 , a  

"he correction f a c t o r  f o r  t he  oblique exposure 

I n  t h e  present i n v e s t i g a t i o n  u t i l i z a t i o n  of these 

u n i t ,  by means of the  previously mentioned un iax ia l  bending 
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f i x u t r e .  Seven stress l e v e l s  were appl ied t o  each specimen; incre- 

ments of 50,000 psi w e r e  taken f r o m  

psi .  

p u t  of t w o  wire r e s i s t ance  s t r a i n  gages mounted i n  series on the 

sur face  of the  specimen, one on each side and about one-half inch 

removed, from t h e  c e n t e r  region of the beam exposed t o  the X-rays. 

The s t r a i n  gages w e r e  checked fo r  ind iv idua l  accuracy p r i o r  t o  

being connected i n  series. 

zero t o  a m a x i m u m  of 300,000 

The value of the appl ied stress w a s  determined f r o m  the  out- 

RESULTS AND DISCUSSION - 
Should the two-exposure method became less accurate  a t  high 

stress l e v e l s ,  the stress fac to r  would be expected t o  become 

funct iona l ly  dependent on t h e  value of the stress. A method of 

determining i f  the stress fac to r  "k" is a funct ion of stress 

c o n s i s t s  of t he  cons t ruc t ion  of a p l o t  of knovm stress versus 

the  s h i f t  i n  28 = (2eL -28 ) .  As evidenced by Equation 2, a 

s t r a i g h t  l i n e  w i t h  a slope equal t o  the stress :actor w i l l  be 

obtained i f  the  stress f a c t o r  is independent of stress w h i l e  

l i n e a r i t y  would i n d i c a t e  a dependence of the  stress f a c t o r  on the  

stress. 

t h i s  i n v e s t i g a t i o n  showed l i n e a r i t y  t o  stresses of 300,000 ps i  

o r  t o  the  o n s e t  of p l a s t i c  deformation. A t y p i c a l  p l o t  i s  shown 

i n  Figure 2. 

v 

non- 

Such p l o t s  made f o r  a l l  twelve m a t e r i a l s  dea l t  w i t h  i n  

The l e f t  stress o rd ina te  i n  Figure 2 is the stress ind ica t ed  
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by s t r a i n  gages, while t h e  r i g h t  stress ord ina te  i s  t h a t  appl ied 

stress p l u s  the r e s idua l  stress i n  the  sur face  of t h e  specimen a t  

t h e  epot  of i n c i d e n t  X-rays, The r e s idua l  stress i s  determined as 

t h e  a p s l i e d  stress necesszsy t o  make the s h i f t  i n  28 equal t o  

zero, which i s  tlie condi t ion foz zero stress, Due t o  the grind- 

i n g  o?erations,  the previcds p l a s t i c  dcZomaticn inherent  t o  

cold work and auofoming, axd deformation introduced by tile 

marter,si te reac t ion ,  all specimens had a p o s i t i v e  r e s idua l  stress 

t h e  f irst  t ine they trerc tes ted .  Yielding during t i l e  course of 

X-ray stress inves t iga t ions  was r e a c i l y  observable as i t  r e s u l t e d  

in a sharp break in t h e  p l o t  of stress versus the shift i n  26 due 

to t he  small increase  in the shift with inc reas ing  stress during 

p l a s t i c  flow, 

“lie above mentioned plo t s  for t h e  twelve considered materi-  

a l s  were c o d i n e d  i n t o  the three master p l o t s  designated as 

Figurcs  3 ,  4, and 5 which a r e  for Maraging steels, co ld  worked 

f u l l y  hardened 4340 steels, and ausformed steels,  resgcc t ive ly .  

Each of these  p l o t s  has been nomal ized  f o r  tlic v a r i a t i o n s  i n  t h e  

stress cons tan t  by mult iplying each m a s u r c d  shift i n  28 f o r  each 

mate r i a l  by tlie r a t i o  of i ts  stress f a c t o r  t o  tile lowest stress 

f a c t o r  i n  the  given g m w p  of mater ia ls .  A l s o ,  the curves have been 

nomal i zed  with respec t  t o  v e r t i c a l  displaccments r e s u l t i n g  f r o m  

d i f f e rences  i n  r e s i d u a l  stress levcls, 

A s t r a i g h t  l i n z  can readi ly  be f i t t e d  through tlie da ta  given 
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i n  Figures 3 ,  4,  and 5 without any ind ica t ion  of a t rend toward 

nonl inear i ty .  Consequently, it may be concluded t h a t  the 

stress f a c t o r  does not  vary a t  high stresses and the  two- 

exposure technique i s  applicable t o  stress ana lys is  even a t  

u l t r a  high stress leve ls .  

The stress constants  f o r  t h e  various mater ia l s ,  determined 

from the s lopes of the p l o t s  such as  Flgure 3, a r e  l i s t e d  i n  

T a b l e  11. 

CONCLUSIONS 

The two-exposure X-ray technique can be successful ly  used 

t o  measure e l a s t i c  s t r a i n s ,  and hence stresses, up t o  the 

onset  of p l a s t i c  deformation when inves t iga t ing  u l t r a  high 

s t r eng th  steels. The r e s u l t s  obtained a r e  apparently not  

a f fec ted  by the presence of a martensi te  reac t ion ,  a prec ip i -  

t a t e d  phase, wide var ia t ions  i n  chemical ana lys i s ,  the  presence 

of considerable cold w o r k ,  or  t h e  acccnnplishing of previous 

p l a s t i c  deformation i n  the a u s t e n i t i c  range (ausforming) . 
( 5 )  

The parabola f i t t i n g  technique developed by Ogilvie and 

the i n t e n s i t y  correction f ac to r s  introduced by Koistinen and 

Marburger a re  appl icable  over a very l a r g e  stress range and 
( 7 , 8 )  

a t  high stress l e v e l s  such  as 300,000 p s i .  

The stress f a c t o r  determined a t  l o w  stresses f o r  a given 

ma te r i a l  may be applied t o  the measurement of high stresses i n  



I .  

t h a t  mater ia l  s ince  the  stress f a c t o r  has been found to  be 

independent of stress. 

I 
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Descriptive Captions fol: I l l u s t r a t i o n s  

Figure 1 

Geometry of the oblique exposure of the two-ep)zp~!~~r~r 
method i l l u s t r a t e d  schematically. 

Figure 2 

Typical p l o t  of t h e  measured stress and t h e  ac tua l  
stress (corrected f o r  res idua l  stress) as  a function 
of the  s h i f t  i n  28. 

Figure 3 

Master p l o t  for  the maraging steels normalized f o r  
va r i a t ions  i n  the s t r e s s  factors and res idua l  stresses. 

Figure 4 

Master p l o t  for  the AIS1 4340 steels normalized f o r  
va r i a t ions  i n  the s t r e s s  f a c t o r s  and res idua l  stresses. 

Figure 5 

Master p l o t  f o r  t h e  ausformed steels normalized f o r  
va r i a t ions  i n  the s t r e s s  f a c t o r s  and res idua l  stresses. 
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TABLE I1 

Corrected S t r e s s  Factors for U t i l i z e d  S t e e l s  

Mater ia l  

VascoMax 250 
VascoMax 280 
VascaMax 300 

Ladish D-6AC 
Ladish D-6AC 
Ladish D-6AC 
Vasco Je t  1000 
Heppenstall  5M21 

4340 
4340 
4340 
4340 

P e r  Cent 
Deformation 

50a 
78a 
92a 
90 a 
83a 

b 3 .96b 
5-09 

10.57b 

Ob 

k 
psi /deq 

74 , 000 
75,000 
77,000 

65 , 000 
66,000 
60,000 
78,000 
72,000 

67,000 
72,000 
70,000 
72,000 

a. Rolled i n  t he  a u s t e n i t e  range, ausformed 

b. Cold drawn i n  t h e  f u l l y  hard marten- 
s i t i c  condi t ion.  


